Abstract Cytogenetic abnormalities in chromosomal number and structure are common in pediatric ALL and some have prognostic significance. One interesting association between cytogenetic status and treatment response involves the metabolism of methotrexate. Hyperdiploid lymphoblasts accumulate increased amounts of MTX and MTX polyglutamates, and they have higher basal apoptotic rates compared with leukemic cells with lower ploidy and normal cells. These characteristics may contribute to the better outcomes observed for patients with hyperdiploid lymphoblasts. A number of recurrent chromosomal abnormalities have been shown to have prognostic significance, especially in B-precursor ALL. Some chromosomal abnormalities are associated with more favorable outcomes, such as high hyperdiploidy (51-65 chromosomes) and the ETV6-RUNX1 fusion. Others are associated with a poorer prognosis, including the Philadelphia chromosome [t(9;22)], rearrangements of the MLL gene (chromosome 11q23), and intrachromosomal amplification of the AML1 gene (iAMP21).
numbers of significant chromosomal translocations identified, techniques of reverse transcriptase polymerase chain reaction (PCR) have provided a rapid, accurate and sensitive method for the detection of their fusion transcripts. One major disadvantage is that this approach is highly specific and cooperating abnormalities cannot be simultaneously identified. Quantitative PCR measures the relative expression levels, usually of upregulated genes.
Cytogenetics
Cytogenetic analysis of bone marrow blasts has provided the gold standard technique for the identification of significant numerical and structural chromosomal abnormalities in leukaemia since the 1970s. Some 40 years later it remains integral to the diagnosis of ALL in many laboratories. The main advantage of cytogenetics is that it is well established into clinical practice, it provides a global screen of the entire genome, while the disadvantages include its low resolution and restriction to the analysis of abnormalities visible in meta-phase.
Flow Cytometry for Determination of DNA Index
In a small number of centres, determination of DNA index by flow cytometry is used to indicate changes in chromosome number. Although it will not identify the specific chromosomes gained, the presence of high hyperdiploid clones can be detected [1] . Similarly, this approach has identified near-haploid and low-hypodiploid clones [2] . However, there are examples where measurement of DNA index has failed to detect high hyperdiploidy, possibly due to the variable stages of the cell cycle among leukaemic blasts [3] .
Fluorescence In Situ Hybridization
It is based on the visualization of specific DNA probes annealed to their complementary sequences in a target genome. Many probes are now commercially available, providing rapid and accurate screening for most of the significant chromosomal abnormalities in leukaemia. FISH offers a valuable substitute for cytogenetics when used to indicate the presence of specific chromosomal rearrangements, as well as deletion and gain, usually in a dual colour arrangement.
High Resolution Array Based Technologies
These technologies include aCGH, single nucleotide polymorphism (SNP) arrays and gene expression profiling. Arrays for genome-wide microRNA expression, methylation status and mutation screening using deep sequencing approaches are now available. Currently these techniques provide valuable research tools in the study of the cancer genome [4] .
Multiplex Ligation-Dependent Probe Amplification (MLPA)
Multiplex ligation-dependent probe amplification (MLPA) is a rapid multiplex PCR-based technique that allows the comparative quantification of multiple sites in a single test [5] . It targets very small sequences and can distinguish those differing in a single nucleotide. Thus MLPA is able to identify those focal genetic aberrations that are too small to be detected by FISH. Although MLPA is not suitable for genome-wide research screening, it provides a low cost, simple alternative to array-based techniques for many routine applications. It is now used routinely to identify copy number alterations in haematological malignancies for which specific copy number changes are clinically significant [6] .
Cytogenetic Abnormalities in ALL
Cytogenetic abnormalities in chromosomal number and structure are common in pediatric ALL and some have prognostic significance. One interesting association between cytogenetic status and treatment response involves the metabolism of methotrexate. Hyperdiploid lymphoblasts accumulate increased amounts of MTX and MTX polyglutamates, and they have higher basal apoptotic rates compared with leukemic cells with lower ploidy and normal cells. These characteristics may contribute to the better outcomes observed for patients with hyperdiploid lymphoblasts.
A number of recurrent chromosomal abnormalities have been shown to have prognostic significance, especially in B-precursor ALL. Some chromosomal abnormalities are associated with more favorable outcomes, such as high hyperdiploidy (51-65 chromosomes) and the ETV6-RUNX1 fusion. Others are associated with a poorer prognosis, including the Philadelphia chromosome [t(9;22)], rearrangements of the MLL gene (chromosome 11q23), and intrachromosomal amplification of the AML1 gene (iAMP21).
Prognostically significant chromosomal abnormalities in childhood ALL include the following (Table 1) .
Chromosome Number

High Hyperdiploidy
High hyperdiploidy, defined as 51-65 chromosomes per cell or a DNA index greater than 1.16, occurs in 20 % to 25 % of cases of precursor B cell ALL, but very rarely in cases of T-cell ALL [7] . Hyperdiploidy can be evaluated by measuring the DNA content of cells (DNA index) or by karyotyping. In cases with a normal karyotype or in which standard cytogenetic analysis was unsuccessful, interphase FISH may detect hidden hyperdiploidy. High hyperdiploidy generally occurs in cases with clinically favorable prognostic factors (patients aged 1-\10 years with a low WBC count) and is itself an independent favorable prognostic factor [7, 8] . Within the hyperdiploid range of 51-66 chromosomes, patients with higher modal numbers (58-66) appeared to have a better prognosis in one study. Hyperdiploid leukemia cells are particularly susceptible to undergoing apoptosis and accumulate higher levels of methotrexate and its active polyglutamate metabolites [9] , which may explain the favorable outcome commonly observed in these cases.
While the overall outcome of patients with high hyperdiploidy is considered to be favorable, factors such as age, WBC count, specific trisomies, and early response to [11] . POG data suggest that NCI standard-risk patients with trisomies of 4 and 10, without regard to chromosome 17 status, have an excellent prognosis [12] .
Chromosomal translocations may be seen with high hyperdiploidy, and in those cases, patients are more appropriately risk-classified based on the prognostic significance of the translocation. For instance, in one study, 8 % of patients with the Philadelphia chromosome [t(9;22)] also had high hyperdiploidy [13] , and the outcome of these patients (treated without tyrosine kinase inhibitors) was inferior to that observed in non-Philadelphia chromosome-positive (Ph?) high hyperdiploid patients.
Near triploidy (68-80 chromosomes) and near tetraploidy ([80 chromosomes) are much less common and appear to be biologically distinct from high hyperdiploidy [14] . Unlike high hyperdiploidy, a high proportion of near tetraploid cases harbor a cryptic ETV6-RUNX1 fusion [14] [15] [16] . Near triploidy and tetraploidy were previously thought to be associated with an unfavorable prognosis, but later studies suggest that this may not be the case [14, 16] .
Hypodiploidy (\44 Chromosomes)
Precursor B-cell ALL cases with fewer than the normal number of chromosomes have been subdivided in various ways, with one report stratifying based on modal chromosome number into the following four groups:
• Near-haploid: 24-29 chromosomes (n = 46).
• Low-hypodiploid: 33-39 chromosomes (n = 26).
• High-hypodiploid: 40-43 chromosomes (n = 13).
• Near-diploid: 44 chromosomes (n = 54).
Most patients with hypodiploidy are in the near-haploid and low-hypodiploid groups, and both of these groups have an elevated risk of treatment failure compared with nonhypodiploid cases [17] . Patients with fewer than 44 chromosomes have a worse outcome than do patients with 44 or 45 chromosomes in their leukemic cells.
Chromosomal Translocations
ETV6-RUNX1 [t(12;21) Cryptic Translocation, Formerly Known as TEL-AML1]
Fusion of the ETV6 gene on chromosome 12 to the RUNX1 gene on chromosome 21 can be detected in 20-25 % of cases of B-precursor ALL but is rarely observed in T-cell ALL [15] . The t(12;21) occurs most commonly in children aged 2-9 years [18, 19] . Hispanic children with ALL have a lower incidence of t(12;21) than do white children [20] .
Reports generally indicate favorable EFS and OS in children with the ETV6-RUNX1 fusion; however, the prognostic impact of this genetic feature is modified by the following factors [21] [22] [23] [24] :
• Early response to treatment.
• NCI risk category (age and WBC count at diagnosis).
• Treatment regimen.
In one study of the treatment of newly diagnosed children with ALL, multivariate analysis of prognostic factors found age and leukocyte count, but not ETV6-RUNX1, to be independent prognostic factors [21] . There is a higher frequency of late relapses in patients with ETV6-RUNX1 fusion compared with other B-precursor ALL [21, 25] . Patients with the ETV6-RUNX1 fusion who relapse seem to have a better outcome than other relapse patients [26] , with an especially favorable prognosis for patients who relapse more than 36 months from diagnosis [27] . Some relapses in patients with t(12;21) may represent a new independent second hit in a persistent preleukemic clone (with the first hit being the ETV6-RUNX1 translocation) [28, 29] .
Philadelphia Chromosome [t(9;22) Translocation]
The Philadelphia chromosome t(9;22) is present in approximately 3 % of children with ALL and leads to production of a BCR-ABL1 fusion protein with tyrosine kinase activity (see Fig. 1 ).
This subtype of ALL is more common in older children with precursor B-cell ALL and high WBC count.
Historically, the Philadelphia chromosome t(9;22) was associated with an extremely poor prognosis, and its presence had been considered an indication for allogeneic hematopoietic stem cell transplantation in patients in first remission [13, [30] [31] [32] . Inhibitors of the BCR-ABL tyrosine kinase, such as imatinib mesylate, are effective in patients with Ph? ALL [33] . A study by the COG, which used intensive chemotherapy and concurrent imatinib mesylate given daily, demonstrated a 3-year EFS rate of 80.5 %, which was superior to the EFS rate of historical controls in the pre-tyrosine kinase inhibitor (imatinib mesylate) era [33, 34] . Longer follow-up is necessary to determine whether this treatment improves the cure rate or merely prolongs DFS.
MLL Translocations
Translocations involving the MLL (11q23) gene occur in up to 5 % of childhood ALL cases and are generally associated with an increased risk of treatment failure [35] [36] [37] . The t(4;11) translocation is the most common translocation involving the MLL gene in children with ALL and occurs in approximately 2 % of cases [35] .
Patients with the t(4;11) translocation are usually infants with high WBC counts; they are more likely than other children with ALL to have CNS disease and to have a poor response to initial therapy. While both infants and adults with the t(4;11) translocation are at high risk of treatment failure, children with the t(4;11) translocation appear to have a better outcome than either infants or adults [ The t(1;19) translocation had been associated with inferior outcome in the context of antimetabolite-based therapy [41] , but the adverse prognostic significance was largely negated by more aggressive multiagent therapies [42] . However, in a trial conducted by SJCRH on which all patients were treated without cranial radiation, patients with the t(1;19) translocation had an overall outcome comparable to children lacking this translocation, with a higher risk of CNS relapse and a lower rate of bone marrow relapse, suggesting that more intensive CNS therapy may be needed for these patients [43] .
Other Genomic Alterations
Numerous new genetic lesions have been discovered by various array comparative hybridization and next-generation sequencing methods. Appreciation of these submicroscopic genomic abnormalities and mutations is redefining the subclassification of ALL [44-50].
Intrachromosomal Amplification of Chromosome 21 (iAMP21)
iAMP21 with multiple extra copies of the RUNX1 (AML1) gene occurs in 1-2 % of precursor B-cell ALL cases and may be associated with an inferior outcome [51, 52].
IKZF1 Deletions
IKZF1 deletions, including deletions of the entire gene and deletions of specific exons, are present in approximately Fig. 1 The Philadelphia chromosome is a translocation between the ABL1 oncogene (on the long arm of chromosome 9) and the breakpoint cluster region (BCR; on the long arm of chromosome 22), resulting in the fusion gene BCR-ABL. BCR-ABL encodes an oncogenic protein with tyrosine kinase activity 15 % of precursor B-cell ALL cases. Cases with IKZF1 deletions tend to occur in older children, have a higher WBC count at diagnosis, and are therefore, more common among NCI high-risk patients compared with NCI standard-risk patients [53, 54] . A high proportion of BCR-ABL1 cases have a deletion of IKZF1 [54, 55] , and ALL arising in children with Down syndrome appears to have elevated rates of IKZF1 deletions. IKZF1 deletions are also common in cases with CRLF2 genomic alterations and in Philadelphia chromosome-like (Ph-like) ALL (see below) [44, 54, 56] .
Multiple reports have documented the adverse prognostic significance of a IKZF1 deletion; there are differences between studies in the magnitude of effect and in whether the IKZF1 deletion maintains significance when other prognostic factors are considered using multivariate analysis [44, 54, 56-59].
CRLF2 and JAK Mutations
Genomic alterations in CRLF2, a cytokine receptor gene located on the pseudoautosomal regions of the sex chromosomes, have abnormalities may have adverse prognostic significance, although studies differ on whether CRLF2 maintains significance when other prognostic factors are considered using multivariate analysis [47, [60] [61] [62] . However, point mutations within kinase genes are uncommon among Ph-like cases, except for JAK1 and JAK2 [63] . Additionally, there is controversy about whether prognosis should be analyzed based on CRLF2 overexpression or on the presence of CRLF2 genomic alterations [47].
Ph-like ALL
BCR-ABL1-negative patients with a gene expression profile similar to BCR-ABL1-positive patients have been referred to as Ph-like ALL [56, 57] . This occurs in 10-15 % of pediatric ALL patients, increasing in frequency with age, and is associated with a poor prognosis and with IKZF1 deletion/mutation [49, 56, 57, 63]. The hallmark of this entity is activated kinase signaling, with 50 % containing CRLF2 genomic alterations [62] and 25 % concomitant JAK mutations. Many of the remaining cases have been noted to have a series of translocations with a common theme of involvement of either ABL1, JAK2, PDGFRB, or EPOR [49] . Fusion proteins from these gene combinations have been noted in some cases to be transformative and have responded to tyrosine kinase inhibitors both in vitro and in vivo [49], suggesting potential therapeutic strategies for these patients. Point mutations in kinase genes, aside from those in JAK1 and JAK2, are uncommon in Ph-like ALL cases [63] .
Cytogenetic Abnormalities in T-Progenitor Acute Lymphoblastic Leukemia
Prognostic Factors Based on Cytogenetics T-ALL is a malignant disorder of T-cell lymphoid progenitor cells that affects 15 % of children and 25 % of adults with ALL. Structural chromosomal aberrations are identified in approximately 50 % of cases and frequently involve the juxtaposition of strong promoter and enhancer elements from T-cell receptor (TCR) genes with transcription factor genes as consequence of an illegitimate event during V(D)J recombination in normal T-cell development. This leads to the aberrant expression of the fusion partners resulting in thymocytes differentiation block at various stages of maturation.
TCR Gene Rearrangements
The most common rearrangements include TCR alpha/delta chain at 14q11.2, TCR beta chain at 7q34, and TCR gamma chain at 7p14. With few exceptions, the involved gene on the partner chromosome encodes a cell cycle inhibitor or a transcription factor whose expression is deregulated or activated as a result of the rearrangement. TAL1 (1p32) is ectopically expressed in T-ALL as consequence of t(1;14) (p32;q11) [64] (3 % in childhood T-ALL) and more frequently as a consequence of the intrachromosomal deletion resulting in SIL-TAL1 fusion gene, while LYL1 (19p13), TAL2 (9q32), and BHLH1 (21q22) are up-regulated in the rare translocations t(7;19)(q34;p13), t(7;9)(q34;q32), and t(14;21)(q11;q22), respectively. Their aberrant expression may contribute to leukemia through the formation of heterodimers with class I basic helix-loop-helix members that regulate T-cell specific genes, with consequent differentiation and proliferation impairment. LIM domain only genes LMO1 (11p15) and LMO2 (11p13) are involved in t(11;14)(p15;q11) and t(11;14)(p13;q11) with TCR alpha/ delta loci and in translocations with TCR beta. LMO abnormal expression associates with deregulation of LYL1 and TAL1, even in absence of specific translocations [65] . The homeo-box (HOX) genes are a highly conserved family of transcription factors that play an important role in morphogenesis during embryonic development and in normal hemopoiesis [66] . The inv(7)(p15q34) and t(7;7)(p15;q34) bring the TCR beta regulatory elements in the vicinity of the HOXA genes cluster disrupting the normal regulatory elements of the cluster with subsequent up-regulation, especially of HOXA9, HOXA10, and HOXA11 [67, 68] . TLX1 (HOX11) is expressed at high level in more than 30 % of adult T-ALL as consequence of t(10;14)(q24;q11) and t(7;10)(q34;q24), while TLX3 (HOX11L2) is involved in t(5;14)(q35;q32) with the fusion partner BCL11B in about 20 % of children and 4 % rarely involved in TCR loci rearrangements are LCK [69, 70] , CCND2 [71] , and IRS4 [72] .
Non-TCR Loci
A variety of cytogenetic abnormalities can occur in T-cell ALL that do not involve the TCR loci. These include del(6q), t(11q23) (MLL gene), t(14q32), trisomy 8, and t(10;11). A favorable prognostic correlation has been assessed for t (10;14) , which is extremely rare in adult patients, and more frequent in the pediatric subset. Trisomy of chromosome 8 and monosomy of chromosome 7 usually carry a bad prognosis [73] . The cryptic deletion del(9) (q34.11q34.13) results in the SET-NUP214 fusion product, which transcriptionally activates specific members of the HOXA cluster maybe contributing to T-ALL pathogenesis by the inhibition of T-cell maturation [74] . The ABL1 cytoplasmic tyrosine kinase plays a role in T-cell signaling, leading to the induction of IL-2 production and proliferation following TCR activation [75] .
Prognostic Factors Based on Genomic Profiling
Using SNP array platforms, many novel genomic alterations have recently been identified, including focal deletions of RB1, duplications of the proto-oncogene MYB, deletion of 9p21.2 in more than 70 % of patients [76] , deletion and mutation of PTEN [77] , and deletion or mutation of the U3 ubiquitin ligase FBXW7 [78, 79] . Thus far, mutations of NOTCH1 and FBXW7 have generally been associated with a favorable prognosis [80] . NOTCH1 role in leukemogenesis was of adults [69] . The high frequency of NOTCH1 mutations in T-ALL has sparked an interest in the development of anti-NOTCH1 targeted therapies for the treatment of T-ALL. Other mutated genes in T-ALL are WT1, NRAS, the negative regulator of the RAS pathway, NF1 that is inactivated because of deletions or mutations [81] , and rarely FLT3 [82, 83] and PTPN2 [84] , that are affected by activating mutations and focal deletions, respectively. All these genes play crucial roles as regulators and alterations in their function may affect critically different signal transduction pathways. Of note, identification of 6q15-16.1 deletion containing CAS-P8AP2 gene represents a novel prognostic factor that defines a high-risk group (Table 2 ) [85] .
Using exon capture of chromosome X a recent study by Van Vlierberghe et al. [86] identified inactivating mutations of the X-linked plant homeodomain finger 6 (PHF6) in 16 % of pediatric and 38 % of adult T-ALL cases. PHF6 mutations were almost exclusively found in male and were associated with leukemias driven by aberrant expression of TLX1 and TLX3. Although the prognostic significance remains to be determined, PHF6 has emerged as a new X-linked tumor suppressor in T-ALL. Recently, the application of whole-genome sequencing (WGS) to the characterization of ''early T-cell precursor'' (ETP) ALL, that comprises up to 15 % of T-ALL and is associated with a high risk of treatment failure, has provided potential new molecular targets for therapy [87] . Zhang et al. [87] performed WGS of 12 ETPALL cases identifying activating mutations in genes regulating cytokine receptor and RAS signaling, such as NRAS, KRAS, FLT3, IL7R, JAK3, JAK1, SH2B3, and BRAF (67 %), inactivating lesions disrupting hematopoietic development, such as GATA3, ETV6, RUNX1, IKZF1, and EP300 (58 %), and histonemodifying genes, such as EZH2, EED, SUZ12, SETD2, and EP300 (48 %). Moreover, they identified new targets of recurrent mutation in DNM2, ECT2L, and RELN genes. Importantly, the gene expression profile of ETPALL resulted similar to that of normal and myeloid leukemia hematopoietic stem cells, suggesting the possibility that myeloid-directed therapies might improve the poor outcome of ETPALL. 
